Spontaneously emergent chirality is an issue of fundamental importance across the natural sciences [1] . It has been argued that a unidirectional (chiral) rotation of a mechanical ratchet is forbidden in thermal equilibrium, but becomes possible in systems out of equilibrium [2] . Here we report our finding that a topologically nontrivial spin texture known as a skyrmion -a particle-like object in which spins point in all directions to wrap a sphere [3] -constitutes such a ratchet. By means of Lorentz transmission electron microscopy (Lorentz TEM) we show that micron-sized crystals of skyrmions in thin films of Cu 2 OSeO 3 and MnSi display a unidirectional rotation motion. Our numerical simulations based on a stochastic Landau-Lifshitz-Gilbert (LLG) equation suggest that this rotation is driven solely by thermal fluctuations in the presence of a temperature gradient, whereas in thermal equilibrium it is forbidden by the Bohr-van Leeuwen theorem [4, 5] . We show that the rotational flow of magnons driven by the effective magnetic field of skyrmions gives rise to the skyrmion rotation, therefore suggesting that magnons can be used to control the motion of these spin textures.
The formation of triangular arrays of skyrmions in chiral-lattice magnets under an applied magnetic field was theoretically predicted [6] [7] [8] and experimentally observed in MnSi [9, 10] , Fe 1−x Co x Si [11] [12] [13] , FeGe [14] , and Cu 2 OSeO 3 [15] [16] [17] . The magnetization in such crystals is antiparallel to the magnetic field B at the center of each skyrmion and is parallel to B at its periphery (see Figs.1a-c). Recently, real-space images of nanosized skyrmions have been successfully obtained by the Lorentz TEM. While scanning temperatures and magnetic fields in the experiments, we have encountered a peculiar dynamical phenomenon, that is, in a wide temperature interval excluding only the lowest temperatures, micro-scale regions of the skyrmion crystal (SkX) show, in addition to Brownian motion, a clearly discernible unidirectional rotation.
In Supplementary Movies 1 and 2, we show examples of this phenomenon observed in thinplate (∼50nm-thick) specimens of MnSi and Cu 2 OSeO 3 , respectively. These compounds are chiral-lattice magnets with a common space group P2 1 3. In zero field they undergo a phase transition from paramagnetic to helimagnetic phase at 29.5 K and 60 K, respectively. The helix period λ m is, respectively, 18 nm and 50 nm. Thin-plate (<100 nm-thick) specimens of these compounds host stable SkX phases with the skyrmion lattice spacing ∼ [20, 21] . In our case, however, a possible effect of electric currents can be excluded since the electron beam of Lorentz TEM is three orders of magnitude smaller than the threshold current of 10 5 -10 6 A/m 2 for the current-driven skyrmion motions [20] [21] [22] [23] and, in addition, its direction is perpendicular rather than parallel to the film, which further reduces spin-torque effects. Furthermore, the energy of the electrons is very high and the interaction with the spins in the specimen is very weak except through the magnetic field induced by the magnetization. This conclusion is corroborated by the fact that the skyrmion rotation is also observed in the insulating Cu 2 OSeO 3 . Thus, the unidirectional rotation is apparently induced by thermal effects.
In order to clarify the nature of this phenomenon, we performed numerical simulations. The SkX phase in chiral-lattice magnets is described by a classical Heisenberg model on the two-dimensional square lattice [18] , which contains ferromagnetic-exchange and Dzyaloshinskii-Moriya (DM) interactions as well as the Zeeman coupling to B=(0, 0, B z ) normal to the plane [19] . The Hamiltonian is given by, In this study, we treat SkX confined in a micro-scale circular disk with the diameter 2R = 137 sites, as shown in Fig. 2a .
We impose the open boundary condition and simulate thermally-induced dynamics of this skyrmion microcrystal by numerically solving a stochastic LLG equation [24, 25] using the Heun scheme [26] . The equation is given by
where α G is the Gilbert-damping coefficient and B
is the deterministic field.
The Gaussian stochastic field ξ fl i (t) describes effects of thermally fluctuating environment interacting with m i , which satisfies ξ [26] . The initial spin configuration (Fig. 2a) is prepared by the Monte-Carlo thermalization at low temperature and by further relaxing it in the LLG simulation at T =0. Starting from this initial configuration, we generate the random numbers corresponding to the stochastic force ξ fl i (t) and solve equation (2) . In what follows we use units in which the lattice constant a = 1, the exchange energy J = 1, the Boltzmann constant k B = 1 andh = 1.
In thermal equilibrium we only find Brownian motion of skyrmions and no unidirectional rotation. We then include a radial temperature gradient to examine whether it can give rise to chiral rotation. In the Lorentz-TEM experiment, the electron beam is irradiated onto a thin-plate specimen, which inevitably raises temperature of the beam spot with respect to the outer region, resulting in the temperature gradient as shown in Fig. 2b . We consider a constant temperature gradient with T =T 0 at the edge to T =T 0 + ∆T at the center in the circular-disk system, i.e., −dT /dr=∆T /R.
We display snapshots of the calculated real-space magnetization dynamics at selected times in Figs 
where M is the skyrmion mass, Q is the topological charge (Q = −1 for B z < 0), α G is the Gilbert-damping constant, Γ ≈ 5.577πS, U is the external potential, and
) is the magnon current density defined in Supplementary Information, which drives skyrmion motion through the spin transfer torque. The extension to a many skyrmion problem is straightforward.
First we note that, if one replaces the magnon current by the stochastic Langevin force, the dynamics of skyrmions becomes equivalent to that of classical particles in an external magnetic field. In this case, the famous Bohr-van Leeuwen theorem [4, 5] , which forbids orbital magnetism of classical particles in thermal equilibrium, precludes the spontaneous rotation of skyrmions, in agreement with our numerical results.
Next we discuss how a nonzero temperature gradient can induce a persistent rotation.
One possible scenario is that the gradient dT /dr modifies the radial distribution of skyrmions resulting in a non-vanishing radial force − dU/dr , which according to equation ( . From equations of motion (3), we obtain the estimate for the rotation rate of SkX (Supplementary Information)
for J magnon θ ∼ 10 −2 . The minus sign corresponds to clockwise rotation of skyrmions. Equation (4) shows that the experimentally observed clockwise rotation of skyrmions is a consequence of the anticlockwise rotation of magnons. The estimate (4) is in good quantitative agreement with the numerical result for the SkX rotation rate, −3 × 10 −5 .
We thus showed that the magnon current induced by the temperature gradient is deflected by the emergent magnetic field of skyrmions, which in turn gives rise to the rotation of SkX through the spin-transfer torque. Since the sign of J magnon is governed by the sign of dT /dr, the rotation of SkX should be reversed upon the sign reversal of the temperature gradient,
which is indeed what we find in our simulation (see Fig. 4c and Supplementary Movie 6).
Also the rotation direction becomes reversed upon the sign reversal of magnetic field B z but not upon the sign reversal of the DM parameter D as seen in Fig. 4d because the former changes the sign of J magnon but the latter does not. This shows that skyrmion-magnon interactions and thermal spin fluctuations provide a key to understanding of the observed chiral rotation of skyrmions.
The proposed physics behind the observed rotation is distinct from the Skyrmion Hall effect discussed in a recent paper by Kong and Zang [27] . They theoretically proposed that a longitudinal skyrmion motion due to the magnon current along the thermal gradient is accompanied by a small transverse motion due to the Gilbert damping. This Skyrmion
Hall effect necessarily requires the longitudinal motion. In our case, however, the skyrmion motion in the radial direction (parallel to the temperature gradient) is forbidden due to the geometrical confinement. Hence, no Skyrmion Hall effect is possible and the topological magnon Hall effect is the only source of the observed skyrmion rotation. The reaction force from the magnon current deflected by the effective magnetic field of the topological skyrmion texture drives the peculiar chiral motion.
Note that the time scale of the rotation is microseconds in the simulation for J∼1 meV, while it is a few seconds in the experiment. This discrepancy can be related to the strong sensitivity of the rotation rate to the shape of the boundary of the SkX, the magnitude of the temperature gradient and sample inhomogeneities, such as impurities and defects. Thus we observe no rotation in a rectangle-shaped system within a realistic simulation time (limited by a few milliseconds), apparently because the large friction between the SkX and the system edges makes the rotation rate extremely slow. In the circular-disk system, the rotation rate decreases as ∆T decreases, and vanishes when ∆T =0. In addition, the rotation is less pronounced and its rate is lower in a larger-sized disk, indicating the absence of rotation in the thermodynamic limit.
To summarize, we have found experimentally and explained theoretically that micron- 
